A Molecular Component of the Arterial Baroreceptor Mechanotransducer  by Drummond, Heather A et al.
Neuron, Vol. 21, 1435±1441, December, 1998, Copyright 1998 by Cell Press
A Molecular Component of the Arterial
Baroreceptor Mechanotransducer
action potentials has not been defined, nor has its mo-
lecular identity been determined.
Genetic studies have suggested that several Caeno-
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Physiology and Biophysics and rhabditis elegans DEG/ENaC proteins (DEG-1, MEC-4,
MEC-10, UNC-105, and UNC-8) may serve as mechano-Howard Hughes Medical Institute
University of Iowa College of Medicine sensory channels because mutations disrupt touch sen-
sation and/or coordinated movement (Chalfie and Wol-Iowa City, Iowa 52242
insky, 1990; Driscoll and Chalfie, 1991; Huang and
Chlafie, 1994; Liu et al., 1996; Tavernarakis et al., 1997).
In addition, localization of the Drosophila melanogasterSummary
DEG/ENaC protein Pickpocket to a subset of putative
mechanosensitive neurons suggests that it may be aBaroreceptor nerve endings detect acute fluctuations
mechanosensor (Adams et al., 1998). These data sug-in arterial pressure. We tested the hypothesis that
gest that DEG/ENaC family members are good candi-members of the DEG/ENaC family of cation channels,
dates to serve as mechanosensitive ion channels. Wewhich are responsible for touch sensation in Caeno-
decided, therefore, to explore the hypothesis that mem-rhabditis elegans, may be components of the barore-
bers of the DEG/ENaC family may be mechanoelectricalceptor mechanosensor. We found the g subunit of
transducers in the baroreceptor terminals. The resultsENaC localized to the site of mechanotransduction in
support our hypothesis and provide the first clues aboutbaroreceptor nerve terminals innervating the aortic
the identity of the baroreceptor mechanotransducer,arch and carotid sinus. A functional role for DEG/ENaC
one of the most potent regulators of neurohumoral con-members was suggested by blockade of baroreceptor
trol of the circulation and arterial pressure.nerve activity and baroreflex control of blood pressure
by an amiloride analog that inhibits DEG/ENaC chan-
Results and Discussionnels. These data suggest that ENaC subunits may be
components of the baroreceptor mechanotransducer
Detection of ENaC in Baroreceptor Neuronsand pave the way to a better definition of mechanisms
in the Nodose Gangliaresponsible for blood pressure regulation and hyper-
Nodose ganglia contain the cell bodies of baroreceptortension.
neurons that innervate the aortic arch. To determine if
nodose ganglion cells express transcripts for DEG/Introduction
ENaC subunits, we used reverse transcriptase polymer-
ase chain reaction (RT±PCR) for aENaC, bENaC, andThe baroreceptor nerve terminals of the aortic depressor
gENaC mRNA subunits of the epithelial Na1 channelnerve and the carotid sinus nerve are located in the
(Canessa et al., 1993, 1994; Lingueglia et al., 1994; Mc-aortic arch and the carotid sinus, where they form a
Donald et al., 1995). These subunits are known to formbranching network in the adventitial±medial layers of the
channels that mediate Na1 transport across epithelia.vessel wall (Abraham, 1969; Krauhs, 1979; McDonald,
Figure 1 shows detection of bENaC and gENaC tran-1983). Baroreceptor neurons are crucial in detecting
scripts. aENaC mRNA was not detected. Earlier workphasic pulsatile changes as well as acute fluctuations
showed that expression of bENaC and gENaC alonein arterial blood pressure, and in signaling the central
or together does not generate constitutive Na1 currentnervous system (CNS) (Shepherd and Mancia, 1986; Ku-
unless aENaC is also present (Canessa et al., 1994;mada et al., 1990). Thus, they are important for survival
McDonald et al., 1995). Because a sensor in the barore-because they provide a protective reflex buffer mecha-
ceptor might be expected to open with mechanical stim-nism against surges in arterial pressure. They also pro-
uli (Sachs, 1987; Morris, 1990), rather than being consti-vide the neural input that regulates arterial pressure and
tutively active, the lack of aENaC is not surprising. Theseblood volume on a sustained basis by modulating sym-
considerations suggest that b and g subunits have apathetic outflow, renin and vasopressin release, as well
function in nodose ganglia different from that in kidneyas sodium and water retention (Shepherd and Mancia,
or lung and raise the possibility that they multimerize1986; Kumada et al., 1990).
with an as yet unidentified subunit(s). Although dENaC,Studies of the determinants of baroreceptor input into
a homolog of aENaC, has been detected in humansthe CNS have been based on measurements of afferent
(Waldmann et al., 1995), we have not been able to iden-nerve activity in the aortic depressor and carotid sinus
tify it in rat (unpublished data).nerves (Kumada et al., 1990). The measured activity orig-
In addition to baroreceptor neurons innervating theinates in the nerve terminal and then propagates cen-
aortic arch, nodose ganglia contain the cell bodies oftrally. However, the mechanoelectrical transducer that
neurons innervating other structures such as heart, lung,generates the depolarizing current necessary to trigger
and gut (Paintal, 1973). To specifically label barorecep-
tor neurons, we applied 1,19-dioleyl-3,3,39,39-tetrameth-
ylindocarbocyanine methanesulfonate (Di-I, a fluores-* To whom correspondence should be addressed (email: mjwelsh@
blue.weeg.uiowa.edu). cent lipophilic tracer to the aortic arch; Figure 2A). With
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Figure 1. RT±PCR Analysis of arENaC,
brENaC, and grENaC in Rat Nodose Ganglia
Lung, which expresses all three subunits, was
used as a control. Presence of reverse tran-
scriptase (RT) is indicated.
time, it diffuses retrogradely to label the cell bodies in many had specialized structures; examples are shown
in Figures 3C and 3D. Earlier microscopic studies ofthe nodose ganglia. The ganglia cells were then placed
in culture, and baroreceptor neurons were identified with baroreceptor units in the dog and chicken revealed
nerve terminals of similar size and shape (Abraham,fluorescence microscopy as Di-I positive. The cells were
also immunostained to detect gENaC. When we exam- 1969). In some instances, we found multiple small nerve
fibers that appear to cluster and wind around a slightlyined the population of neurons that were positive for
Di-I, we found that 80% were positive for gENaC (Figures larger fiber (Figure 3E). A similar morphology has been
observed in reconstructions of rat aortic arch barore-2B and 2C), indicating that gENaC was expressed in
baroreceptor neurons. On the other hand, in the popula- ceptor nerve terminals, suggesting that small unmyelin-
ated nerves often wrap around ªpremyelinatedº fiberstion of Di-I-negative neurons, only z35% were gENaC
positive. This indicates that not all peripheral neurons to form a terminal complex (Krauhs, 1979). Figure 3F
shows that baroreceptor neurons in the carotid sinusexpress the g subunit. The lack of complete correlation
between gENaC positivity and Di-I staining is not sur- share a similar structure to those in the aortic arch. We
found that bilateral interruption of aortic baroreceptorprising because Di-I may not have labeled all barorecep-
tor neurons, and, as mentioned above, nodose ganglia nerves abolished all gENaC staining in the aortic arch
(data not shown), also indicating that gENaC is specifi-contain nonbaroreceptor neurons that might be mecha-
nosensitive and express ENaC subunits. cally expressed in baroreceptor neurons. As an addi-
tional control, we examined spinal cord and cerebellum
and found no evidence of gENaC immunofluorescence.Localization of gENaC in Baroreceptor
Nerve Terminals These results indicate that gENaC is present at the site
of mechanotransduction in the baroreceptor nerve ter-For gENaC to play a role in baroreceptor mechanosensa-
tion, it must be present in baroreceptor nerve terminals. minals.
To detect the mechanosensory terminals of barorecep-
tor neurons, we applied Di-I to the left nodose ganglion Amiloride Inhibition of the Response to
Mechanical Stimulation in Culturedand allowed it to diffuse down the aortic depressor nerve
to the aortic arch (Figure 3A). Nerve terminals were de- Baroreceptor Neurons
The presence of gENaC in the baroreceptor terminaltected 2 weeks later by confocal microscopic examina-
tion of the aortic arch. Simultaneously, we immunola- suggested that it, perhaps in combination with other
DEG/ENaC subunits, may play an important role in baro-beled gENaC. Figure 3B shows a composite of confocal
sections taken at 5 mm intervals through a 150 mm thick receptor activity. Therefore, we tested the hypothesis
that DEG/ENaC channels may contribute to barorecep-section of rat aortic arch adventitia. Nerves containing
Di-I alone appear red, nerves containing gENaC alone tor activity by examining the effect of amiloride. Amilor-
ide inhibits the activity of all DEG/ENaC channels stud-appear green, and a yellow color indicates colocaliza-
tion. A nerve bundle (red) courses from the upper right ied to date (Canessa et al., 1993, 1994; Lingueglia et al.,
1994; McDonald et al., 1995; Corey and GarcõÂa-AnÄ ov-to the lower left of Figure 3B, with multiple small yellow/
green nerve fibers branching from it. This was a repre- eros, 1996; Tavernarakis and Driscoll, 1997; Fyfe et al.,
1998). First, we studied baroreceptor neurons from thesentative pattern, suggesting that Di-I and gENaC colo-
calize in the small nerve fibers of the aortic arch but not nodose ganglia in culture. As described above, we iden-
tified baroreceptor neurons as Di-I positive followingin the large nerve bundles. Figure 3B shows that the
small yellow nerve fibers often displayed a pattern of Di-I application in the aortic arch. The data in Figure
2A show that cultured nodose ganglion cells expressextensive coiling. Such coiling is also shown in Figure
3C, in which gENaC colocalizes with an intermediate gENaC in the soma. Earlier work showed that mechani-
cal stimulation of Di-I-positive neurons with a brief ªpuffºneurofilament protein (NF160), further indicating that
gENaC is localized in nerve fibers. Coiling of nerve fibers of buffer solution transiently increased the cytosolic
Ca21 concentration [Ca21]c (Sullivan et al., 1997). Thein vertebrate aortic arch (Abraham, 1969; Krauhs, 1979)
as well as muscle spindles (Boyd, 1980) has been noted increase may be due to entry of extracellular Ca21 through
mechanosensitive channels or could be secondary. Inpreviously, although the function is unknown.
While some of the aortic arch nerve fibers expressing either case, it provides an assay of the response to
mechanical stimulation. As previously described, a puffgENaC appeared to terminate as free nerve terminals,
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of solution to Di-I-labeled nodose neurons increased
[Ca21]c (Figure 4). Amiloride (100 nM) reversibly inhibited
the increase. Although amiloride can inhibit other mole-
cules, such as the Na1±H1 exchanger, the concentration
we used (100 nM) inhibits 50% of ENaC (Canessa et al.,
1994), whereas mid-micromolar to millimolar concentra-
tions are required to inhibit the Na1±H1 exchanger (Clark
and Limbird, 1991). Thus, these data suggest that ENaC
subunits may contribute to the sensing of a mechanical
stimulus.
Benzamil Inhibition of Baroreceptor
Function In Vivo
To learn whether DEG/ENaC channels may play a role
in vivo, we used a rabbit carotid sinus preparation (Xie
et al., 1990). The carotid and aortic baroreceptors have
similar ultrastructural features, A and C fiber distribution,
and discharge characteristics, and both innervate the
adventitial region of the vessel wall (Andresen et al.,
1978; Brown et al., 1978; Krauhs, 1979; McDonald, 1983;
Seagard et al., 1990; Fazan et al., 1997). As shown above,
both also express gENaC. However, the carotid sinus
preparation had advantages for this study because ben-
zamil, an amiloride analog with increased potency and
specificity for ENaC (Canessa et al., 1994), could be
applied specifically to a localized region of the carotid
sinus vasculature. In addition, the carotid artery wall in
the region of the sinus is thinner than the aortic wall,
thus minimizing the diffusion barrier. As we increased
pressure in the lumen of the isolated carotid sinus, sys-
temic blood pressure fell (Figure 5A). This is due to
baroreceptor-dependent reflex control of blood pres-
sure. Increasing concentrations of benzamil in the lumen
of the sinus blunted the response. Likewise, when we
measured directly the output of the carotid sinus, ben-
zamil reversibly blocked the pressure-induced increase
in carotid sinus nerve activity (Figure 5B). Thus, local
benzamil application blocked the pressure-induced ac-
tivation of baroreceptor nerves. Amiloride and benzamil
inhibition of baroreceptor function suggest that DEG/
ENaC channels are involved in mechanosensation.
Conclusion
These data provide the first indication of the molecular
identity of baroreceptor mechanotransduction. Our find-
ings that an ENaC subunit is expressed in the fine baro-
receptor nerve terminals and that amiloride analogs
block baroreceptor activity suggest that gENaC is a
component of a mechanosensitive channel complex
that detects stretch of the vessel wall. These results are
consistent with reports that transcripts of aENaC are
Figure 2. Immunofluorescence Localization of gENaC in Cultured present in osteoblasts, a cell type that responds to me-
Nodose Ganglion Neurons chanical stimulation (Kizer et al., 1997), and that expres-
(A) Method of labeling baroreceptor neurons in nodose ganglia. Di-I sion of ENaC subunits in fibroblasts or reconstitution in
applied to the aortic arch is incorporated into the membrane of bilayers yields stretch-activated currents (Ismailov et al.,
baroreceptor nerve endings and with time distributes in a retrograde
1996, 1997; Kizer et al., 1997). Although our data suggestdirection to the cell bodies in the nodose ganglion. Because the rat
aortic arch receives only baroreceptor innervation, only cell bodies
of baroreceptor neurons are labeled. Two weeks after labeling the
aortic arch, we removed the nodose ganglia and placed the neurons
tom, neurons retrogradely labeled with Di-I, 2 weeks before gangliain culture.
(B) A cluster of nodose neurons after 7 days in culture. The top removal and dissociation.
(C) Percentage of neurons stained with an anti-gENaC antibody asshows a phase contrast photomicrograph; the middle, neurons im-
munolabeled with affinity-purified anti-gENaC antibody; and the bot- a function of staining with Di-I.
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Figure 3. Immunofluorescence Localization of gENaC in Rat Aortic Arch and Carotid Sinus Baroreceptor Nerve Terminals
(A) Diagram of Di-I labeling of baroreceptor nerve terminals in aortic arch. Di-I injected into the left nodose ganglion diffused anterogradely
to the baroreceptor nerve terminals. Two weeks after injection, the aortic arch was removed, immunolabeled for gENaC, and examined by
fluorescence confocal microscopy.
(B) Colocalization of Di-I and gENaC in a 150 mm thick section of aortic arch. Nerves with only Di-I appear red; nerves with only gENaC appear
green; nerves with both Di-I and gENaC appear yellow. A large axon or small nerve bundle (arrows) descends diagonally from the upper right
corner to the lower left corner. Smaller nerve fibers branching from the large axon/bundle appear yellow, indicating colocalization of Di-I and
gENaC. The small nerve fibers have a variety of structures: some are extensively coiled, some have free nerve endings, and others have more
complex terminals. When sequential images are viewed with confocal microscopy, the small nerve fibers appear to run within different layers
of the adventitia.
(C and D) Baroreceptor terminals in rat aortic arch immunolabeled with the anti-NF160, a neuronal marker, and anti-gENaC. The nerve fiber
in (C) has extensive coiling and a complex terminal structure. Another complex terminal is shown at higher magnification in (D).
(E) Aortic baroreceptor nerve terminals expressing gENaC. In this field, small nerve fibers of various sizes tend to cluster around each other.
Many smaller fibers tend to associate with a slightly larger fiber. While the very small fibers appear to terminate as free endings, the slightly
larger fibers appear to terminate in more complex structures.
(F) Carotid sinus nerve terminals expressing NF68, a neuronal marker, and gENaC.
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Figure 4. Effect of Amiloride on Response of Baroreceptor Neurons
to a Mechanical Stimulus
Data are [Ca21]c in cultured baroreceptor neurons (Di-I positive) from
the nodose ganglion. Measurements were made before (prestimula-
tion), immediately following (stimulation), and 30 s after (poststimu-
lation) mechanical stimulation. Responses were measured under
control conditions, in the presence of amiloride (100 nM), and after
removal of amiloride (wash).
that an ENaC subunit is a component of the mechano-
sensitive channel, the epithelial Na1 channel itself is
not the mechanosensor; the a subunit is required for
channel function, but it is not present in the baroreceptor
neurons. It seems more likely that other, as yet unidenti- Figure 5. Benzamil Block of Baroreflex Control of Blood Pressure
and Baroreceptor Discharge in Rabbit Isolated Carotid Sinus Prepa-fied subunits multimerize with the g and possibly b sub-
rationunits to form a membrane complex that interacts with
(A) Baroreflex control of systemic blood pressure (BP). Data are thecytoskeletal and matrix proteins to form the mechano-
means of five experiments. Benzamil decreased slope of responsesensor.
(mm Hg systemic BP/mm Hg carotid sinus pressure): control, 0.79 6A function for gENaC in mechanotransduction would
0.12; 10 mM benzamil, 0.52 6 0.15; 50 mM benzamil, 0.33 6 0.09*;
be consistent with the evolutionary conservation of and 100 mM benzamil, 0.09 6 0.04*; the asterisk indicates p , 0.05.
members of the DEG/ENaC family, which are involved (B) Effect of benzamil on baroreceptor discharge. Data are carotid
sinus nerve activities (in arbitrary units [A. U.]) in the presence ofin mechanosensation in C. elegans (Corey and GarcõÂa-
intraluminal benzamil at indicated concentrations and following re-AnÄ overos, 1996; Tavernarakis and Driscoll, 1997; Fyfe
moval of benzamil from the perfusate (wash). Data are from oneet al., 1998). The results of this study pave the way to
animal; similar data were obtained in two other studies.explore further the mechanisms that acutely regulate
arterial pressure and heart rate, for example with changes
Antibodyin body posture (Cowley et al., 1973; Shepherd and Man-
Polyclonal antibody to the N-terminal 20 amino acids of gENaC was
cia, 1986). They may also provide insight into abnormal generated in rabbits. Antibody was affinity purified by passing serum
regulation in syncope, heart failure, and hypertension over a column of sepharose 4B (Pharmacia, Piscataway, NJ) conju-
gated to the antigenic peptide. We previously showed that the anti-(Zucker and Gilmore, 1985; Shepherd and Mancia, 1986).
body immunoprecipitated gENaC (Adams et al., 1997). In addition,
immunostaining with the affinity-purified antibody was tested in COS
cells transfected with bENaC, gENaC, or vector alone; the anti-
Experimental Procedures
gENaC (1:25) followed by Cy3-conjugated donkey anti-rabbit IgG
(1:500) (Jackson Immunological, West Grove, PA) stained only those
RT±PCR cells transfected with gENaC. Fluorescence was abolished by incu-
Total RNA was extracted using RNA STAT-60 (TEL-TEST ªBº) from bating cells and antibody with 10 mg/ml of the antigenic peptide.
12 nodose ganglia (six rats) and reverse transcribed using an oligo
dT primer and murine leukemia virus reverse transcriptase. Partial Immunofluorescent Staining of Cultured Neurons
cDNAs from nodose tissue were amplified using the following primer Neurons were fixed in 4% paraformaldehyde and exposed to rabbit
pairs: arENaC, 59-GAAGGGGAACCAATTCAAGGAGCAAGA-39 and anti-gENaC affinity-purified serum (1:25) and then Cy2-conjugated
59GCGAGTGTAGGAAGAGTTGTAT-39; brENaC, 59-CTACACCTACA donkey anti-rabbit IgG (1:200). Microscopic fields of neurons were
AGGAGCTGCTAG-39 and 59-AAGTGCTTGACCTTGGAGTACTG-39; selected at random and the images saved electronically using light
and grENaC, 59-CCTCTGCTGTGGATCGCGTTCAC-39 and 59-CACA microscopy, Di-I fluorescence, and gENaC immunofluorescence.
GCACTGTACTTGTAAGGGTTGATA-39. Samples were preheated to Neurons were counted (338 individual neurons) after image col-
948C for 3 min, then cycled 35 times at 948C for 20 s, 628C for 20 lection.
s, and 728C for 20 s, and then held at 728C for 7 min. PCR reactions
with RNA (no reverse transcription) in place of cDNA and with lung Fluorescence Labeling of Baroreceptor Nerve Terminals
RNA were used as controls. PCR products were sequenced to con- To evaluate expression of gENaC in baroreceptor terminals in the
aortic arch, baroreceptor terminals were first labeled by injectionfirm identity.
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of Di-I into the left nodose ganglia (Figure 3A). Two weeks later, rats and discussion. This work was supported by HL14388 and the How-
were anesthetized with ketamine/acepromazine and perfused with ard Hughes Medical Institute. H. A. D. was supported by HL07121.
60 ml ice cold PBS via the left ventricle followed by 60 ml ice cold M. J. W. is an Investigator of the HHMI.
4% paraformaldehyde, and the aortic arch was removed. The arch
was rinsed with PBS and permeabilized with 0.1% Triton X-100 in
Received July 23, 1998; revised October 22, 1998.Superblock (Aldrich Chemicals, Milwaukee, WI) for 1 hr at 378C. The
arch was exposed to anti-gENaC (1:25) and Cy2-conjugated anti-
rabbit IgG. The arch was examined using fluorescence confocal References
microscopy. To colocalize gENaC and NF160, an intermediate neu-
rofilament, the rat aortic arch was harvested and processed as Abraham, A. (1969). Innervation of the Heart and Blood Vessels in
indicated above, except the arch was exposed to mouse anti-NF160 Vertebrates Including Man (Oxford: Pergamon Press).
(1:3) (Boehringer Mannheim, Indianapolis, IN) and rabbit anti-gENaC.
Adams, C.M., Snyder, P.M., and Welsh, M.J. (1997). InteractionsAntibodies were detected with Cy2-conjugated donkey anti-mouse
between subunits of the human epithelial sodium channel. J. Biol.IgG (1:200) and Cy3-conjugated donkey anti-rabbit IgG (1:500). To
Chem. 272, 27295.determine if interruption of baroreceptor nerves would alter expres-
Adams, C.M., Anderson, M.G., Motto, D.G., Price, M.P., Johnson,sion of gENaC in the terminals, the right and left aortic depressor
W.A., and Welsh, M.J. (1998). Ripped pocket and pickpocket, novelnerves were cut in two rats. Two weeks later, rats were anesthetized
Drosophila DEG/ENaC subunits expressed in early developmentand the aortic arches were removed and stained as described
and in mechanosensory neurons. J. Cell Biol. 140, 143±152.above.
Andresen, M.C., Krauhs, J.M., and Brown, A.M. (1978). Relationship
Baroreceptor Cell Body Labeling of aortic wall and baroreceptor properties during development in
Baroreceptor neurons in the nodose ganglia were retrogradely la- normotensive and spontaneously hypertensive rats. Circ. Res. 43,
beled by application of Di-I (Molecular Probes, Eugene, OR) to the 728±738.
aortic arch (Figure 2A) as previously described (Mendelowitz and
Boyd, I.A. (1980). The isolated mammalian muscle spindle. Trends
Kunze, 1992; Sullivan et al., 1997). The dye diffuses into baroreceptor
Neurosci. 3, 258±265.
nerve terminals and then diffuses laterally through the neuron, even-
Brown, A.M., Saum, W.R., and Yasui, S. (1978). Baroreceptor dynam-tually reaching the cell body. Since the rat aortic arch receives only
ics and their relationship to afferent fiber type and hypertension.baroreceptor innervation (Sapru and Krieger, 1977), only the cell
Circ. Res. 42, 694±702.bodies of baroreceptor neurons are labeled. Approximately 2 weeks
following dye application, nodose ganglia were removed, dissoci- Canessa, C.M., Horisberger, J.-D., and Rossier, B.C. (1993). Epithe-
ated, and maintained in culture for 7 days. A detailed explanation lial sodium channel related to proteins involved in neurodegenera-
of neuron labeling and culturing can be found elsewhere (Sullivan tion. Nature 361, 467±470.
et al., 1997). Canessa, C.M., Schild, L., Buell, G., Thorens, B., Gautschi, I., Horis-
berger, J.D., and Rossier, B.C. (1994). Amiloride-sensitive epithelial
Mechanical Stimulation of Cultured Baroreceptor Neurons Na1 channel is made of three homologous subunits. Nature 367,
Changes in cytosolic Ca21 concentration [Ca21]c were measured 463±467.
using a microscopic digital image analysis system in Fura 2±loaded
Chalfie, M., and Wolinsky, E. (1990). The identification and suppres-cultured baroreceptor neurons using methods similar to those de-
sion of inherited neurodegeneration in Caenorhabditis elegans. Na-scribed previously (Sharma et al., 1995). Individual neurons were
ture 345, 410±416.mechanically stimulated by ªpuffingº the neuron with buffer solution
Clark, J.D., and Limbird, L.E. (1991). Na1±H1 exchanger subtypes:at #5 psi. Ratio images were collected every 2 s, and the mechanical
a predictive review. Am. J. Physiol. 261, C945±C953.stimulus was applied immediately before the ratio image was col-
lected. Corey, D.P., and GarcõÂa-AnÄ overos, J. (1996). Mechanosensation and
the DEG/ENaC ion channels. Science 273, 323±324.
Baroreceptor and Baroreflex Testing In Vivo
Cowley, A.W., Jr., Liard, J.F., and Guyton, A.C. (1973). Role of the
The vasculature of the carotid sinus region of rabbits was surgically
baroreceptor reflex in daily control of arterial blood pressure and
isolated from the systemic circulation and connected to an oxygen-
other variables in dogs. Circ. Res. 32, 564±576.
ated in-line system. This preparation allows control of carotid sinus
Driscoll, M., and Chalfie, M. (1991). The mec-4 gene is a memberpressure and chemical composition of the perfusate independent
of a family of Caenorhabditis elegans genes that can mutate toof the peripheral circulation. A detailed explanation of the prepara-
induce neuronal degeneration. Nature 349, 588±593.tion can be found elsewhere (Xie et al., 1990). Baroreceptor and
baroreflex sensitivity were assessed by the response of afferent Fazan, V.P.S., Salgado, H.C., and Barreira, A.A. (1997). A descriptive
baroreceptor nerve activity or blood pressure to a slow linear in- and quantitative light and electron microscopy study of the aortic
crease in carotid sinus pressure (2 mm Hg/s). The contralateral sinus depressor nerve in normotensive rats. Hypertension 30, 693±698.
nerve and cervical vagi were interrupted to eliminate baroreceptor Fyfe, G.K., Quinn, A., and Canessa, C.M. (1998). Structure and func-
input from the contralateral sinus and aortic baroreceptors, respec- tion of the Mec-ENaC family of ion channels. Semin. Nephrol. 18,
tively. To evaluate the effect of benzamil, the indicated concentra- 138±151.
tions were included in the luminal perfusate of 378C oxygenated
Huang, M., and Chalfie, M. (1994). Gene interactions affecting mech-Kreb's solution for 20 min. The dose of amiloride and benzamil
anosensory transduction in Caenorhabditis elegans. Nature 367,required for half-maximal channel inhibition varies in different DEG/
467±470.ENaC family members from z100 nM for aENaC to z50 mM for
Ismailov, I.I., Awayda, M.S., Berdiev, D.K., Bubien, J.K., Lucas, J.E.,FaNaCh (FMRFamide-activated Na1 channel) (Canessa et al., 1993;
Lingueglia et al., 1995; McDonald et al., 1995). The dose of benzamil Fuller, C.M., and Benos, D.J. (1996). Triple-barrel organization of
required to block baroreceptor activity may reflect not only the ENaC, a cloned epithelial Na1 channel. J. Biol. Chem. 271, 807±816.
concentration required to inhibit the channel but also the diffusion Ismailov, I.I., Berdiev, B.K., Shlyonsky, V.G., Fuller, C.M., Prat, A.G.,
barrier presented by the carotid sinus wall. Reversal of the response Jovov, B., Cantiello, H.F., Ausiello, D.A., and Benos, D.J. (1997).
was evaluated after perfusion with 100 mM benzamil. Data were Role of actin in regulation of epithelial sodium channels by CFTR.
recorded using MacLab (AD Instruments, Castle Hill, NSW, Austra- Am. J. Physiol. 272, C1077±C1086.
lia), and data were fit using Sigma Plot software (Jandel Scientific,
Kizer, N., Guo, X.-L., and Hruska, K. (1997). Reconstitution of stretch-SPSS, Chicago).
activated cation channels by expression of the a-subunit of the
epithelial sodium channel cloned from osteoblasts. Proc. Natl. Acad.Acknowledgments
Sci. USA 94, 1013±1018.
Krauhs, J.M. (1979). Structure of rat aortic baroreceptors and theirWe thank Mark Chapleau, Christopher Adams, Peter Snyder, John
Rogers, and our other laboratory colleagues for excellent assistance relationship to connective tissue. J. Neurocytol. 8, 401±414.
ENaC Subunits in Baroreceptor Mechanotransduction
1441
Kumada, M., Terui, N., and Kuwaki, T. (1990). Arterial baroreceptor
reflex: its central and peripheral neural mechanisms. Prog. Neuro-
biol. 35, 331±361.
Lingueglia, E., Renard, S., Waldmann, R., Voilley, N., Champigny, G.,
Plass, H., Lazdunski, M., and Barbry, P. (1994). Different homologous
subunits of the amiloride-sensitive Na1 channel are differently regu-
lated by aldosterone. J. Biol. Chem. 269, 13736±13739.
Lingueglia, E., Champigny, G., Lazdunski, M., and Barbry, P. (1995).
Cloning of the amiloride-sensitive FMRFamide peptide-gated so-
dium channel. Nature 378, 730±733.
Liu, J., Schrank, B., and Waterston, R.H. (1996). Interaction between
a putative mechanosensory membrane channel and a collagen. Sci-
ence 273, 361±364.
McDonald, D.M. (1983). Morphology of the rat carotid sinus nerve.
I. Course, connections, dimensions and ultrastructure. J. Neurocy-
tol. 12, 345±372.
McDonald, F.J., Price, M.P., Snyder, P.M., and Welsh, M.J. (1995).
Cloning and expression of the beta- and gamma-subunits of the
human epithelial sodium channel. Am. J. Physiol. 268, C1157±C1163.
Mendelowitz, D., and Kunze, D.L. (1992). Characterization of calcium
currents in aortic baroreceptor neurons. J. Neurophysiol. 68,
509±517.
Morris, C.E. (1990). Mechanosensitive ion channels. J. Membr. Biol.
113, 93±107.
Paintal, A.S. (1973). Vagal sensory receptors and their reflex effects.
Physiol. Rev. 53, 159±227.
Sachs, F. (1987). Baroreceptor mechanisms at the cellular level.
Fed. Proc. 46, 12±16.
Sapru, H.N., and Krieger, A.J. (1977). Carotid and aortic chemore-
ceptor functions in the rat. J. Appl. Physiol. 42, 344±348.
Seagard, J.L., van Brederode, J.F.M., Dean, C., Hopp, F.A., Gallen-
berg, L.A., and Kampine, J.P. (1990). Firing characteristics of single-
fiber carotid sinus baroreceptors. Circ. Res. 66, 1499±1509.
Sharma, R.V., Chapleau, M.W., Hajduczok, G., Wachtel, R.E., Waite,
L.J., Bhalla, R.C., and Abboud, F.M. (1995). Mechanical stimulation
increases intracellular calcium concentration in nodose sensory
neurons. Neuroscience 66, 433±441.
Shepherd, J.T., and Mancia, G. (1986). Reflex control of the human
cardiovascular system. Rev. Physiol. Biochem. Pharmacol. 105,
3±99.
Sullivan, M.J., Sharma, R.V., Wachtel, R.E., Chapleau, M.W., Waaite,
L.J., Bhalla, R.C., and Abboud, F.M. (1997). Non-voltage-gated Ca21
influx through mechanosensitive ion channels in aortic baroreceptor
neurons. Circ. Res. 80, 861±867.
Tavernarakis, N., and Driscoll, M. (1997). Molecular modeling of
mechanotransduction in the nematode Caenorhabditis elegans.
Annu. Rev. Physiol. 59, 659±689.
Tavernarakis, N., Shreffler, W., Wang, S., and Driscoll, M. (1997).
unc-8, a DEG/ENaC family member, encodes a subunit of a candi-
date mechanically gated channel that modulates C. elegans locomo-
tion. Neuron 18, 107±119.
Waldmann, R., Champigny, G., Bassilana, F., Voilley, N., and Lazdun-
ski, M. (1995). Molecular cloning and functional expression of a novel
amiloride-sensitive Na1 channel. J. Biol. Chem. 270, 27411±27414.
Xie, P., Chapleau, M.W., McDowell, T.S., Hajduczok, G., and Ab-
boud, F.M. (1990). Mechanism of decreased baroreceptor activity
in chronic hypertensive rabbits. J. Clin. Invest. 86, 625±630.
Zucker, I.H., and Gilmore, J.P. (1985). Aspects of cardiovascular
reflexes in pathologic states. Fed. Proc. 44, 2400±2407.
